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Phase-change random access memory (PCRAM) is one of the most promising candidates for the next generation nonvolatile memory with phase-change materials forming a key component of the recently commercialized 3D XPoint memory technology. 1, 2 The Ge-Sb-Te (GST) ternary alloys on the GeTe-Sb 2 Te 3 pseudobinary tie-line were found to be of great success in optical disc devices. 3 On the other hand, as optical disc and nonvolatile memories clearly have very different requirements, using the same material for PCRAM memories does not in itself solve the various difficulties in developing nonvolatile memories.
A major breakthrough in PCRAM materials was the development of interfacial phase-change memory (iPCM) inspired by the Ge-atom flip-flop model. [4] [5] [6] [7] [8] In iPCM, the two binary end compounds of the GeTe-Sb 2 Te 3 pseudobinary tie-line are alternately stacked to form an atomically aligned superlattice (SL) structure with van der Waals (vdW) gaps separating covalently bonded blocks. Devices based upon iPCM showed excellent performance such as ultralow power consumption, faster switching speeds, and longer endurance than conventional alloy-type PCRAM. 4, 9 After the development of GeTe/Sb 2 Te 3 SLs fabricated from sputter-deposited films, 4,10-13 several specific switching models were proposed based on the idea of bi-layer switching within GeTe blocks. [14] [15] [16] [17] [18] [19] [20] In particular, switching between inverted Petrov and Ferro structures ( Fig. 1 ) was proposed based on the arguments about the relative stability of these two phases with temperature. 14 At the same time, SLs have also been fabricated in a single crystal form using molecular beam epitaxy (MBE) [21] [22] [23] [24] and pulsed laser deposition (PLD), 25 and comprehensive transmission electron microscopy (TEM) experiments were carried out on such samples. [26] [27] [28] [29] [30] [31] These measurements demonstrated that the structures were different from the original intuitive models proposed for the iPCM SET and RESET states. In particular, it was found that (1) in as-grown samples, Ge atoms are predominantly located towards the core of covalently bonded blocks rather than between Sb 2 Te 3 quintuple layers, while (2) Sb atoms are mainly located closer to vdW gaps. 26 It was additionally shown that (3) Ge/Sb atoms intermix, so that no pure Ge or Sb planes exist. 30 Furthermore, (4) the number of atomic planes in covalently bonded blocks in Ge-Sb-Te varies throughout the sample, where covalently bonded blocks with various odd numbers of planes co-exist. 32 We note that in pure Sb 2 Te 3 , only 5-layer blocks are observed ( Fig. 1 ). Also, (5) there is clear asymmetry in the Ge/Sb concentration ratio on different sides of the vdW gap, possibly associated with the SL growth direction, 33 and (6) the dynamic vdW gap reconfiguration consisting of a bi-layer switching across the gap is a low-energy process. 34 These results called for reconsideration of the phase-change mechanism in iPCM, which is critical in order to launch the industrial development of iPCM-based devices. In this letter, we shed light on the origin of the high resistance contrast by ab initio density functional theory (DFT) simulations using structural models based on the latest experimental findings. In particular, we demonstrate that Ge/Sb intermixing, which at the first glance seemed to be a detrimental factor, is in fact a feature crucial for iPCM switching.
The simulations of bi-layer switching were performed using the density functional code CASTEP 35 with the generalized gradient approximation (GGA) of Perdew-Burke-Ernzerhof (PBE) 36 exchange potential, ultrasoft pseudopotentials, and the DFT-D2 dispersion correction (Grimme) to account for vdW intereaction. 37 A plane wave cutoff energy of 230 eV was used with a 2 Â 2 Â 1 Monkhorst-Pack grid. The electronic density of states (DOS) was calculated using the all-electron LAPW code WIEN2k 38 with a Monkhorst-Pack grid of 10 Â 10 Â 10, an R MT K MAX of 7, spin-orbit coupling, and the modified Becke-Johnson local density approximation (LDA) functional. 39 First, we consider how bi-layer switching across vdW gaps reported experimentally affects the electronic structure. [31] [32] [33] Figure  2 (a) shows a schematic of the proposed bi-layer switching process (9 þ 9 ! 7 þ 11, where numbers indicate the number of atomic layers). We start with GeTe bi-layer switching from …Te-Sb-Te-Ge-Te-Sb-Te-Ge-Te…Te-Sb-Te-Ge-Te-Sb-Ge-Te… (9 þ 9) to …Te-Sb-Te-Ge-Te-Sb-Te…Te-Ge-Te-Sb-Te-Ge-Te-Sb-Te-Ge-Te… (7 þ 11) structures [ Fig. 2(a) ]. In this case, the switching is between local GST225 þ GST225 and GST124 þ GST326, i.e., all local compositions lie on the pseudobinary tie-line. It should be noted that the atomic ordering on GST225 is neither pure Kooi nor Petrov structure, but there is an asymmetry of cation layers in order to realize GeTe bilayer switching. Therefore, this structure is designated GST225_K_P as the bottom side has the Sb layer close to the vdW gap (Kooi-like) and the top side is Ge (Petrov-type). The electronic DOSs corresponding to these atomic blocks are shown in Fig. 2(b) . One can see that the GeTe switching has a negligible effect on the electronic structure, i.e., the semiconducting gap is preserved, and the Fermi energy is always the middle of the gap. It should also be noted that the Fermi energy is located at the middle of the gap for the pseudobinary symmetric Petrov and Kooi phases also, i.e., pseudobinary compounds are always intrinsic regardless of the stacking order.
We proceed with the opposite case of pure SbTe bi-layer switching from one GST225_K block to another. Such switching results in the formation of GST214 and GST236 [ Fig. 2(c) ], i.e., the compositions that do not lie along the pseudobinary tie-line, viz., GST214 is Ge-rich, while GST236 is Sb-rich. The electronic DOSs of these two structures are shown in Fig. 2(d) . Both models have a narrow bandgap of about 0.2-0.3 eV, but, intriguingly, the Fermi level is located in the valence band and in the conduction band for the GST214 and GST236 compositions, respectively, suggesting that GST214 is of p-type and GST236 is an n-type semiconductor. This can be understood using an electron counting model similar to that of Chen et al. 40, 41 In their model, the valence p-electrons were considered, and since Ge and Sb can be treated as cations and Te as an anion, the sign of electron counting is opposite for Ge/Sb and Te. For GST225, the electron balance of the unit cell is as follows: 2 Â 2 þ 3 Â 2 À 2 Â 5 ¼ 0, giving a net charge of zero. On the other hand, the electron balance for
This implies that GST214 is electron deficient, while GST236 has electron excess, resulting in the p-type and n-type tendencies of GST214 and GST236, respectively. Now, based on the obtained electronic structures for GeTe and SbTe bi-layer switching as well as structural dynamics, we extend our idea into a more general case. Figure 3 shows a Ge-Sb-Te ternary phase diagram including some off-tie-line compositions. The well-known GeTe-Sb 2 Te 3 pseudobinary tie-line has been drawn as a red line. The pink dashed lines represent compositions with different numbers of atomic layers in the vdW blocks. Since the number of atomic layers is determined by the number of Te layers, these lines also indicate the constant Te composition. In this more general case, any composition in principle can be realized. For example, the outermost cation layer may be composed of half Ge and half Sb atoms. In this case, the outermost bi-layer can be represented as Ge 0.5 Sb 0.5 Te (instead of pure SbTe), and consequently, after switching, the final compositions of the two constituent blocks will become Ge 1.5 Sb 1.5 Te 4 and Ge 2.5 Sb 2.5 Te 6 . By analogy with the electron counting model as well as the DOSs shown in Fig. 2 , it can be easily understood that the former composition is electron deficient (p-type), while the latter is n-type (with the type depending on which side of the pseudobinary tie-line a given composition lies). Variation of the composition with respect to the pseudobinary tie-line is thus an efficient way to control the Fermi level position. The importance of the stoichiometric compositions was also discussed based on DFT. 42 We also note that the impact of the stoichiometric compositions on iPCM structures was reported to be critical to realize reliable devices. 43 Based on these considerations, the origin of electrical contrast in iPCM can be deduced. Before doing so, it should be noted that crystalline GST materials are usually degenerate p-type semiconductors due to Ge vacancies. 44, 45 Therefore, in actual films, the Fermi energy is located at the top of the valence band. A schematic DOS of standard "on-line" compounds such as GST124 or GST225 is shown in Fig.  4(a) top. If an electron deficient compound is formed following bilayer switching, such as GST214, this leads to additional hole doping, driving the Fermi energy even deeper into the valence band [ Fig. 4(a) center]. In contrast, an electron surplus compound results in extra electrons that compensate the preexisting holes shifting the Fermi energy towards the midgap as shown in Fig. 4(a) bottom, resulting in higher resistivity. The spatial nonuniformity of the local stoichiometry with respect to the pseudobinary tie-line is reminiscent of the band structure of a disordered semiconductor [ Fig. 4(b) ], where the valence and conduction band edges fluctuate in order to maintain a constant Fermi energy throughout the sample, resulting in the creation of localized "pools of holes". 46, 47 As a consequence, the resistivity of the system increases.
In what follows, based on the reported results, we propose a comprehensive switching model for iPCM. We remind the readers that in conventional PCRAM, application of a SET pulse results in the crystallization of the disordered phase, while a RESET pulse raises the local temperature above the melting point leading to the melt-quenching of the material to form the disordered phase. By analogy, since the SET state in iPCM is the energetically most stable low resistance state, vdW blocks with standard compositions along the tie-line such as GST124 (7-layers) or GST225 (9-layers) are expected to be dominant. This is consistent with the statistical TEM studies 32 which found that after annealing between 300-400 C, the distribution of vdW blocks was centered upon 7-and 9-vdW layer blocks [ Fig. 4(b) top, (c) left].
On the other hand, once a RESET pulse is applied to an iPCM device, the SL may re-arrange due to dynamic bi-layer switching of Ge/Sb-containing layers. Because of the shorter duration of the RESET pulse, the off-line composition blocks are "quenched" after the termination of the pulse. This leads to a wider distribution of E V -E F values, and the creation of local regions in which the Fermi energy is located inside the bandgap resulting in a high resistance state [ Fig. 4(b) bottom, (c) right). It is these high-resistive blocks that determine the total resistance of the device as the current flows vertically through the vdW blocks.
The microscopic bi-layer switching scenario may be as follows. First, we notice that in the hexagonal structure [ Fig. 5(a) ], the arrangement of Te atoms around the vdW gap is such that there are numerous tetrahedral (and only tetrahedral) vacancies formed by Te atoms. Second, the structure around the gap is asymmetric (as evidenced by TEM images 26 In such a case, a temperature increase due to an applied RESET pulse may drive some of the Ge atoms from the lower layer adjacent to the gap into the existing tetrahedral vacancies because Ge atoms usually prefer tetrahedral coordination [ Fig. 5(b) ]. We further note that at elevated temperatures, when the mobility of atoms is increased, the direction of the applied electric field may also play a role. 48 Because Ge/Sb and Te have opposite charges, Ge/Sb atoms above the vdW gap will be pushed upward, i.e., away from the gap, while those located below the gap will be pushed into the vdW gap. Once the number of switched Ge atoms approaches a critical value [ Fig. 5(c) ], Te layers across the vdW gap slide [ Fig. 5(d) ] and the energetically more favorable octahedrally bonded configuration of Ge is established, thanks to the collective effect of resonant 49 or metavalent 50 bonding. We note here that this is the reverse process of what has been proposed for the cubic-tohexagonal transformation. 51 This layer slide results in the transformation of the originally tetrahedral vacancy sites in the gap into octahedral vacancies, into which Sb atoms can subsequently switch [Fig. 5(e) ], leading to the formation of a stacking fault and consequent movement of the vdW gap, which, in turn, results in a shift of the Fermi level. Obviously, the above description is just a scheme; these processes are not isolated, and the structural transformation is a continuous single process.
Based on the model proposed in Fig. 4 , several points will allow further optimization of the switching and electrical properties of chalcogenide superlattice memory. One potential avenue for improvement is doping, a process that is also key to the Si semiconductor industry. For instance, doping with Bi could be used to tune the electronic structure as Bi 2 Te 3 tends to be an n-type semiconductor due to point defects. Indeed, controlled Bi doping has been reported to lead to intrinsic behavior in (Sb 1Àx Bi x ) 2 Te 3 with respect to the study on topological insulators. 52 Some attempts to replace Ge by different elements have also been reported; tuning the composition has an even greater possibility for further improving iPCM performance. 53, 54 In conclusion, we have explored the structural dynamics and electronic structural changes in iPCM structures. The ease of bi-layer switching enables reversible structural changes driven by thermal and possibly also the electric field effect of the applied external electrical stimuli. The existence of locally nonpseudobinary metastable compositions across vdW gaps gives a degree of freedom for local doping, which results in the shift of the Fermi level position and the concomitant shift of the Fermi level, resulting in the experimentally observed resistance change. We also note that the presence of both Ge and Sb atoms on cation planes adjacent to vdW gaps, i.e., Ge/Sb intermixing, is crucial for the iPCM switching. Namely, the Ge atoms, due to their ability to acquire either tetrahedral or octahedral bonding geometry, facilitate the switching process, while the switching of Sb breaks the electron balance, resulting in the resistance change. These observations offer a comprehensive understanding of the switching mechanism in interfacial phase-change memory and will be essential for the further development and commercialization of phase-change memory.
We expect that the ideas developed in this work will stimulate further theoretical and experimental studies. The TEM results obtained to date, while being a great step forward in understanding the iPCM structure, were performed on as-grown samples in thermal equilibrium and cannot be unambiguously associated with either the SET or RESET states. It is thus crucial, in order to understand the switching mechanism in detail, to perform direct observations using cross-sectional atomic scale resolution TEM imaging of iPCM devices switched between both resistance states over several cycles, which is currently a very challenging task. Also, ab initio molecular dynamics simulations may be useful to understand the reversible switching between two different atomic layer configurations. In particular, structural simulations under the influence of an electric field may provide important insights. The use of the neural network approach, which allows one to handle large clusters using DFT, 55 is especially appealing. While our manuscript was under review, our latest paper on experimental structural analyses for iPCM was published and now available online. 56 
